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Research on the regulation of hormone gene expression by
calcium signaling is hampered by the difficulty of monitoring
both parameters within the same individual, living cells. Here
we achieved concurrent, dynamic measurements of both in-
tracellular Ca2 concentration ([Ca2]i) and prolactin (PRL)
gene promoter activity in single, living pituitary cells. Cells
were transfected with the luciferase reporter gene under con-
trol of the PRL promoter and subjected to bioluminescence
and fluorescence imaging before and after presentation of
TSH-releasing hormone (TRH), a prototypic regulator of PRL
secretion and gene expression that induces a transient Ca2
release , followed by sustained Ca2 influx. We found that cells
displaying specific photonic emissions (i.e. mammotropes)
showed heterogeneous calcium and transcriptional responses
to TRH. Transcriptionally responsive cells always exhibited a
TRH-induced [Ca2]i increase. In addition, transcriptional re-
sponses were related to the rate of Ca2 entry but not Ca2
release. Finally, cells lacking transcriptional responses (but
showing [Ca2]i rises) exhibited larger levels of resting PRL
promoter activity than transcriptionally responsive cells.
Thus, our results suggest that the sustained entry of Ca2
induced by TRH (but not the Ca2 release) regulates tran-
scriptional responsiveness. Superimposed on this regulation,
the previous, resting PRL promoter activity also controls
transcriptional responses. (Endocrinology 143: 3548–3554,
2002)
ACTIVATION OF endocrine cells by neurotransmittersand/or extracellular messengers triggers exocytosis
of the stored hormone and stimulates hormone gene tran-
scription and biosynthesis (1). This latter process refills the
secretory pools and modulates long-term changes in secre-
tory activity. The role of cytosolic calcium in stimulus-
secretion coupling has been extensively documented, and
single-cell measurements of [Ca2]i and exocytosis have pro-
vided important clues in this regard (2, 3). In addition, it is
becoming increasingly clear that the calcium signal also plays
a pivotal role in the control of hormone gene transcription (4,
5). In support of this view, extracellular Ca2 removal and/or
Ca2 channel antagonists inhibited hormone gene expres-
sion in a variety of tissues and cell types, including prolactin
(PRL)-producing cells (mammotropes) (6, 7). Furthermore,
several transcription factors involved in control of hormone
gene expression are regulated directly (8) or indirectly (9,
10) by calcium signals. In light of the complexity of the role
of Ca2 in endocrine cell function, the ability to perform
single-cell measurements of calcium dynamics and gene
expression in individual cells could provide important
new clues (11, 12) on the control of endocrine cell function,
especially in those tissues like the anterior pituitary that
contain a high degree of cell and functional heterogeneity.
Recently, we have developed a novel approach for mon-
itoring hormone gene expression in individual, living cells
(13). This methodology is based on the real-time monitoring
of specific photonic emissions from individual cells trans-
fected with the luciferase structural sequence under the con-
trol of the PRL gene promoter. We have shown previously
that PRL promoter-driven photonic emissions from trans-
fected cells was specific for mammotropes and reflected en-
dogenous activity of the PRL gene (14). In addition, we have
characterized the dynamics and demographics of transcrip-
tional responses of mammotropes to TSH-releasing hormone
(TRH), a prototypic stimulator of PRL gene expression (15).
TRH increases PRL secretion and gene expression, and both
processes are mediated by intracellular calcium (16–18). The
exact role of calcium in mammotrope function appears to be
quite complex. Interestingly, it has been shown that TRH
evokes a two-phases increase of [Ca2]i and PRL secretion
(19, 20). The first phase corresponds to a large but transient
(1 min) [Ca2]i rise caused by release of Ca
2 from inositol
1,4,5-triphosphate-dependent intracellular stores (i.e. the en-
doplasmic reticulum). The second phase consists of a lower
but more sustained [Ca2]i increase essentially caused by
enhanced Ca2 influx through both voltage-dependent Ca2
channels activated upon enhanced electric activity and store-
operated Ca2 entry (19, 20). Thus, information to date sug-
gests that calcium is important in PRL gene expression as
well as in cell responsiveness to TRH. In light of these ob-
servations, it appears that the combined study of PRL gene
expression and calcium in individual cells would provide an
excellent model system for beginning to elucidate the pro-
cesses underlying endocrine cell responsiveness.
Toward this end in the following study, we used a novel
strategy based on the concurrent measurement of intracel-
lular Ca2 and PRL reporter expression in the same single,
living mammotropes. Our results indicate that the resting
level of transcriptional activity and Ca2 entry, but not Ca2
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release from intracellular stores, regulates transcriptional re-
sponses to TRH stimulation.
Materials and Methods
Cell dispersion and microinjection
Primiparous, lactating female (d 6–10 postpartum) rats (Sprague
Dawley Harlan, Madison, WI) were maintained on a 12-h light, 12-h dark
photo regimen and provided with food and water ad libitum. Rats were
killed by decapitation and their anterior pituitary glands were removed
and dispersed with trypsin as reported previously (14, 15). Monodis-
persed cells were plated on coverslips coated with poly-l-lysine and
photoengraved previously with a numbered/lettered grid pattern (21)
to enable cell reidentification of microinjected cells. After 48 h in culture,
cells within a particular grid were microinjected with a reporter plasmid
(rPRL-LUC, 0.2 g/l in 10 mm PBS) in which 2.5 kb of the 5-flanking
region (2430 to 39) of the rat PRL gene were placed upstream of the
coding sequence for firefly luciferase. Cell microinjection was performed
and controlled as described previously (14) to ensure the delivery of the
same amount of plasmid among cells. After microinjection, cells were
washed twice and cultured for 24 or 48 h in phenol red-free DMEM (Life
Technologies, Inc., Gaithersburg, MD) supplemented with 10 mm
HEPES, 10% fetal bovine serum (FBS), 0.1% BSA, and antibiotics.
Concurrent monitoring of calcium dynamics and PRL
gene expression
For concurrent monitoring of Ca2 dynamics and promoter activity
on the same individual living cells, we adapted a conventional digital
imaging system. For this end, a VIM photonic camera (Hamamatsu
Photonics, Bridgewater, NJ) was mounted under the stage of an epi-
fluorescence microscope (Zeiss Axiovert 135 TV, Jena, Germany), which
also was equipped with a cooled CCD camera (Hamamatsu Photonics).
Excitation light was carried by an optical fiber. A motor-controlled
switch allowed capture of either bioluminescence or fluorescence man-
ually or by ad hoc software developed by Universal Imaging (West
Chester, PA).
The experiments were carried out as follows: First, we measured
photonic emissions as described previously (15). In brief, transfected
cells were incubated in phenol-free DMEM supplemented with 0.1%
BSA, 10% FBS, 10 mm HEPES, and antibiotics for 24 or 48 h. Four hours
before measurements of reporter activity, cells were incubated with the
same medium containing 0.1 mm luciferin (Sigma, St. Louis, MO). Then,
coverslips were assembled in Sykes-Moore chambers and filled with
culture medium of the same composition as before except that it was
devoid of BSA and bicarbonate and contained FBS and luciferin. The
assembled chamber was then placed on the heated (37 C) stage of the
microscope, and transfected cells were reidentified according to their
position on the numbered/lettered grid. A bright-field image of the
microscope field was then captured for reference purposes. Photonic
emissions from individual cells were collected in 30-min bins for 4 h to
monitor resting transcriptional activity, and the images obtained were
stored for further analysis. Then, cells were perifused with culture me-
dium containing fura-2/AM (4 m) and incubated for 45 min. Once the
cells had been loaded with fura-2, the same microscopic field used for
photon counting was subjected to [Ca2]i measurements before and after
addition of TRH (1 m). For this end, the cells were epiilluminated
alternately at 340 and 380 nm (100 msec every 5 sec) using an alternating
filter wheel and a fiber light scrambler (Technica Video, Woods Hole,
MA). Light emitted above 520 nm was recorded by the cooled CCD
camera. The images were stored and analyzed using the Metafluor
software from Universal Imaging. Pixel-by-pixel ratios of the 340/
380-nm fluorescences were produced and converted into [Ca2]i values
by comparison with fura-2 standards (22).
Once [Ca2]i measurements were performed, cells were perifused
again with the same luciferin-containing medium used earlier for pho-
tonic emission measurements except that TRH (1 m) was added. The
effect of this treatment on transcriptional activity was recorded by mon-
itoring photonic emissions in 30-min bins for 14 h, and the images were
stored for analysis. The relative amount of light emitted by individual
mammotropes was quantified by superimposing the images of activated
pixels (corresponding to amplified photonic signals) on a frame over the
perimeter of the corresponding cell in the bright-field image. The same
frame was then superimposed randomly on at least three adjacent areas
in the same field devoid of cells to obtain a background value that was
subtracted from total counts to calculate specific photonic emissions.
Comparisons between treatment groups were made using a two-tailed,
t test. Results are expressed as mean  sem.
Results
Figure 1 illustrates the procedure for concurrent measure-
ment of gene expression and [Ca2]i in the same single cells.
FIG. 1. Imaging of calcium dynamics and PRL gene expression in the
same individual primary mammotropes. Anterior pituitary cells were
processed as stated in Materials and Methods and used for concurrent
measurements of fluorescence and bioluminescence. Shown here is a
representative cell field in which a bright-field image was captured
with the cooled CCD camera (A). Cells were exposed to luciferin and
photonic emissions representative of resting transcriptional activity
was captured in 30-min bins (B) during 4 h. Then, cells were loaded
with fura-2 and [Ca2]i was monitored before (C) and after (D) TRH
treatment. Finally, the effects of such treatment on transcriptional
activity (E) were monitored in 30-min bins for up to 14 h. Warmer
colors in the pseudocolor images represent higher values of [Ca2]i
and PRL gene transcriptional activity.
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Cells were microinjected with a reporter plasmid containing
luciferase under control of the PRL gene promoter, and 24 h
later they were incubated in luciferin-containing medium
and subjected to photon counting imaging. After capture of
a bright-field image with the photon counting camera (A),
photonic emissions reflective of PRL gene expression were
recorded in 30-min bins (B) during 4 h. These measurements
are representative of resting reporter activity. Then, the cells
were loaded with fura-2, and cytosolic Ca2 dynamics was
monitored before (C) and after (D) stimulation with TRH.
Finally, photonic emissions on stimulation with TRH were
recorded for a further 14-h period (E). Only cells displaying
photonic emissions above background that emitted light
throughout the entire measurement period (heretofore re-
ferred as to transfected cells), and loaded fura-2 were in-
cluded for analysis. This procedure allows recording and
comparison of the changes in [Ca2]i and PRL gene expres-
sion in the same single cells in response to the challenge with
TRH.
Representative, single-cell recordings of [Ca2]i (left) and
PRL gene expression (right) in the same individual cells are
shown in Fig. 2 to illustrate the three different behaviors
found regarding responsiveness to TRH. We considered cells
responsive to TRH in terms of calcium (23) if transfected cells
showed a TRH-induced [Ca2]i increase larger than 50 nm
(Fig. 2, left panels, all cells except red trace in A). We con-
sidered transcriptionally responsive cells as those transfected
cells showing a clear increase in the rate of photonic emis-
sions after TRH stimulation to reach a value of activity larger
than prestimulatory activity (Fig. 2, right panels, blue cells).
Although seemingly arbitrary such decisions were clear-cut
as reported previously (15). Transfected cells that did not
respond to TRH with an increase of [Ca2]i (A, red cell) did
not increase PRL gene expression either (B, red cell). In the
cells that responded to TRH with an increase of [Ca2]i two
different behaviors were found regarding PRL gene expres-
sion. First, some cells responded to TRH with an increase in
photonic emissions (B, D, and F, blue cells), whereas others
did not (D and F, red cells).
Figure 3 shows the averaged values of [Ca2]i (left) and
their corresponding transcriptional profiles (right) of 62 in-
dividual cells studied in 9 independent experiments. Cells
have been grouped into three different pools: cells that did
not respond to TRH with a [Ca2]i increase (upper panels);
cells that responded to TRH with an increase of PRL gene
expression (middle panels); and cells that were not included in
any of the above groups, i.e. cells in which TRH induced
[Ca2]i rise but did not show increased PRL gene expression
(lower panels). Group i included 19% of the cells and was
absolutely homogeneous, i.e. all the cells failing to respond
to TRH with an increase of [Ca2]i also failed to exhibit an
increase in gene expression. Group ii included 35% of the
cells. In this group the averaged [Ca2]i increase at the Ca
2
peak was 360  45 nm (n  22) and the transcriptional
FIG. 2. Calcium and transcriptional re-
sponses to TRH are extremely hetero-
geneous. Each panel in the left column
shows short-term (minutes) fluores-
cence profiles for two individual cells
(red and blue) present in the same mi-
croscopic fields. The long-term (hours)
bioluminescence profiles for the same
cells are presented to the right (i.e. blue
trace in A corresponds to the blue trace
in B). Notice that traces in left panels
corresponding to [Ca2]i measurements
were performed during the TRH pre-
sentation period of the right panels, re-
spectively. Shown are representative
examples of 62 individual mammo-
tropes studied in nine independent ex-
periments.
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activity increased, on average, more than three times within
8–10 h of TRH challenge. Group iii included 44% of the cells.
In this group transcriptional activity was not increased or
even tended to decrease with time (Fig. 2F, red cell), even
though the [Ca2]i rise induced by TRH was similar to the
one found in group ii of cells (430  60 nm, n  28). These
results suggest that the increase of [Ca2]i is necessary but
not sufficient to trigger the TRH-induced transcriptional
response.
Next, we examined the influence of the magnitude of the
[Ca2]i rises on the transcriptional responses. In most but not
all calcium responsive cells, TRH induced the previously
identified pattern (19, 20) of [Ca2]i change that consisted of
a large but transient [Ca2]i increase (termed first phase),
followed by a lower but more sustained [Ca2]i elevation
(termed second phase). The relative sizes of both [Ca2]i
phase changes varied greatly among cells. Figure 4 shows the
[Ca2]i profiles (A) and the corresponding transcriptional
recordings (B) of two individual, representative cells. In-
terestingly, we noticed that cells showing larger values of
second-phase [Ca2]i increase tended to show larger tran-
scriptional responses (Fig. 4B). To analyze the relative
contribution of each phase to activation of the PRL pro-
moter, we plotted the size of the large, transient TRH-
induced [Ca2]i peak (first phase) against the correspond-
ing transcriptional response quantified as the maximum
increase of photonic emissions (Fig. 4C) and found no
correlation (r0.15, P 0.05) between both parameters.
However, we found a positive, significant correlation (r 
0.56, P  0.01) between the size of the lower, sustained
[Ca2]i increase (second phase) and the stimulus-induced
transcriptional response (Fig. 4D). Thus, these data sug-
gest that the extent of PRL gene promoter activation in-
duced by TRH relates to the entry of Ca2 during the
second phase of the TRH effects rather than to the transient
release of Ca2 induced by TRH (first phase).
The above-mentioned results, however, do not explain
why the cell population (Fig. 3, group iii of cells) showing a
similar Ca2 response than transcriptionally responsive cells
(Fig. 3, group ii of cells) lacked increased PRL promoter
activity after TRH presentation. We have reported recently
that the resting level of PRL gene expression may influence
the ability of individual cells to exhibit a transcriptional
response. To investigate whether this is the case here, we
plotted the increase of photonic emissions induced by TRH
against the previous, resting activity for all cells showing
transcriptional responses. Figure 5A shows the negative cor-
relation found between the resting transcriptional activity
and transcriptional responses (r  0.70, P  0.001). More-
over, we found that resting PRL promoter activity of cells
lacking transcriptional responses (but showing TRH-
induced [Ca2]i increases) was about 4 times larger (P 0.05)
than resting promoter activity of transcriptional responders.
Thus, these data indicate that resting transcriptional activity
influences transcriptional responses to TRH and may explain
the lack of transcriptional responsiveness of group iii of cells.
Discussion
Imaging of photonic emissions from transfected mammo-
tropes is an excellent procedure for dynamic monitoring of
transcription from single, primary mammotropes for several
reasons (14, 15). First, expression of the rPRL-LUC plasmid
that contains the luciferase structural sequence under control
of the rat PRL gene promoter is specific for mammotropes.
This was revealed by our earlier validation experiments (14)
showing that all cells displaying specific photonic emissions
were also found by immunocytochemistry to store PRL by in
situ hybridization to contain PRL mRNA or by reverse he-
molytic plaque assay to release PRL. Second, experiments
performed with agonists and antagonists of PRL gene ex-
pression indicated that luciferase activity reflected endoge-
nous PRL gene activity (14). Finally, the noninvasive nature
FIG. 3. Averaged [Ca2]i increases induced by TRH in both tran-
scriptional responders and nonresponders. Mammotropes were
pooled into three different subpopulations: cells that failed to exhibit
a calcium response to TRH (n  12, top panels; cells that exhibited a
transcriptional response (n  22, middle panels); and cells not in-
cluded in the above-mentioned groups, i.e. cells exhibiting a calcium
response but not a transcriptional one (n  28, bottom panels). Cells
responsive to TRH in terms of calcium were those transfected cells
showing a TRH-induced [Ca2]i increase larger than 50 nM after TRH.
Transcriptionally responsive cells were considered all those trans-
fected cells showing a clear increase of photonic emissions after TRH
relative to the resting level before TRH presentation. The calcium (left
panels) and transcriptional (right panels) profiles for these cell sub-
populations were averaged (SEM) and plotted. Only cells that loaded
fura-2 and emitted light above background throughout the entire
measurement period were considered for analysis. Data are repre-
sentative of 62 individual mammotropes studied in nine independent
experiments.
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of this procedure and the short half-life of the reporter
enzyme enabled the actual monitoring of transcriptional
activity (24). The data presented herein demonstrate the fea-
sibility of combining this novel technology with fluorescence
measurements of [Ca2]i as shown by the following obser-
vations: 1) After more than 4 h of photonic emission mea-
surements, cells loaded fura-2 normally and responded to
TRH with the typical rise of [Ca2]i; 2) the fraction of calcium
responders was similar to that found in cells not transfected
or subjected to long-term monitoring of transcriptional ac-
tivity (23); and 3) 35% of the cells exhibited clear transcrip-
tional responses, and this number compares well with the
relative abundance of transcriptional responders found in
cells not loaded with fura-2 (15), thus indicating strongly that
the fura-2 loading does not have deleterious effects on tran-
scriptional activity and/or responsiveness. Taken together,
these data demonstrate the feasibility of concurrent moni-
toring of [Ca2]i and transcriptional dynamics in single, liv-
ing mammotropes.
It is well known that not all mammotropes respond to TRH
with an increase of [Ca2]i and a rise of PRL secretion (14).
Accordingly, it should be expected that some cells fail to
show increased PRL gene expression after TRH presentation.
We found that cells showing no [Ca2]i rise after TRH did not
exhibit any increase of transcriptional activity. However, the
reverse did not apply and not all cells showing TRH-induced
[Ca2]i rise were able to mount the corresponding transcrip-
tional response. Therefore, the [Ca2]i rise appears necessary
but not sufficient for stimulation of transcriptional activity.
In addition, we have shown that the size of the transcrip-
tional response is positively correlated to the size of the
second-phase TRH-induced [Ca2]i increase but not to the
first one. It is well established that the first phase is attributed
to Ca2 release from intracellular stores (i.e. the endoplasmic
reticulum), whereas the second one corresponds to a sus-
tained Ca2 influx mostly through voltage-gated Ca2 chan-
nels (VGCCs) (19). Therefore, our results indicate that the
extent of transcriptional response to TRH is driven by the
sustained entry of calcium induced by the secretagogue
rather than by the transient release of Ca2. It is well estab-
lished that TRH-induced Ca2 entry on activation of L-type
VGCCs is secondary to enhanced electric activity achieved
by inhibition of an inward rectifying K current of the h-erg
type (25). Previous reports in cell populations have estab-
lished that inhibition of Ca2 entry through L-type VGCCs
decreased PRL gene expression, whereas stimulation of
Ca2 through the same channels increased PRL gene ex-
pression (6, 7).
Taken together, our results indicate that the effects of TRH
on activation of the PRL promoter activity are directly related
to the rate of Ca2 entry through L-type VGCCs and thus to
inhibition of the herg-type K current. It is becoming evident
that the source of Ca2; therefore the Ca2 rise amplitude and
duration evokes differential activation of transcription fac-
tors. For example, nuclear factor- and c-Jun N-terminal
kinase transcription factors are selectively activated by a
large transient Ca2 rise, whereas nuclear factor of activated
T cells transcription factor is activated by a low, sustained
Ca2 plateau (11). Our results indicate that PRL gene ex-
pression is sensitive to a low sustained Ca2 entry through
L-type VGCCs but not to a transient Ca2 release from in-
ternal stores. An important question is how the Ca2 signal
FIG. 4. Relationship between the TRH-
induced [Ca2]i rises and transcriptional re-
sponses. The profiles of [Ca2]i (A) and the
corresponding transcriptional recordings (B)
of two individual, representative cells are
shown. Notice that the effects of TRH on
[Ca2]i consisted of a large, transient [Ca
2]i
increase (1 min), termed first phase, fol-
lowed by a lower but more sustained [Ca2]i
increase, termed second phase. Cells display-
ing larger second-phase [Ca2]i increases (A,
full circles trace) tended to show larger tran-
scriptional responses (B) than cells having
lower second phase [Ca2]i increase (A, open
circles trace). C, Lack of correlation between
the first phase of TRH-induced [Ca2]i in-
crease (maximum [Ca2]i value during the
first minute) and the transcriptional response
measured as the maximum increase of pho-
tonic emissions after TRH presentation (r 
0.15, P  0.05, n  22). D, Positive correla-
tion between the second phase of the TRH-
induced [Ca2]i increase (averaged [Ca
2]i
value from 1 min after TRH presentation to
the end of the trace) and the transcriptional
response (r  0.56, P  0.01, n  22). These
data were taken from the 22 transcriptionally
responsive cells studied (group ii of cells in
Fig. 3).
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is brought from the plasma membrane Ca2 channel to the
nucleus. Interestingly, Dolmetsch et al. (26) have reported
recently a signaling to the nucleus by an L-type Ca2 chan-
nel-calmodulin complex through the MAPK pathway. Wang
and Maurer (27) have recently provided evidence that TRH
induces a sustained activation of MAPK to stimulate the PRL
promoter. Importantly, activation of this MAPK pathway
was inhibited by blocking of L-type VGCCs (27). Thus, our
results are consistent with the possibility that sustained entry
of Ca2 induced by TRH could regulate PRL gene expression
by means of a Ca2 channel-calmodulin complex and the
MAPK signaling pathway.
The above discussed results cannot explain why cells ex-
hibiting a similar TRH-induced [Ca2]i rise fail to mount a
transcriptional response (Fig. 3, group iii). One possible ex-
planation is that downstream signaling elements involved in
promoter activity are down-regulated in the transcription-
ally reluctant cells. If this were the case, then it would be
expected than the resting level of PRL gene promoter activity
could be likewise down-regulated. However, we found that,
on the contrary, resting PRL promoter activity was larger in
cells not responsive transcriptionally to TRH. We had pre-
viously reported that resting transcriptional activity may
influence the ability of TRH to increase PRL gene promoter
activity. However, no [Ca2]i measurements were performed
in that study, and, therefore, it was not possible to establish
whether lack of transcriptional responsiveness was due to
lack of TRH receptors. Here we found that cells lacking
transcriptional responses to TRH (but not TRH receptors)
showed a significantly larger resting PRL promoter activity
than transcriptionally responsive cells. In addition, we found
that the extent of the transcriptional response was inversely
related with the previous, resting promoter activity. Thus,
our results indicate that a [Ca2]i rise appears necessary for
elaboration of transcriptional responses to TRH. However,
whether the cell is actually going to respond and the extent
of the response is dictated by the previous transcriptional
status of the cell. We and others (15, 28) have shown that the
resting activity of the PRL gene promoter exhibit dramatic
fluctuations (pulses) over time. Furthermore, the recent con-
struction of a destabilized luciferase reporter gene (29) has
enabled the characterization of transcriptional pulses that
oscillate in a noncircadian temporal pattern (30). As a result,
the changes of transcriptional responses to TRH and perhaps
to other stimuli may depend on the state of the transcrip-
tional cycle and may occur independently of changes in
expression of TRH receptors.
Our results pose the question on how the transcriptional
status of a given cell, calibrated here as the relative level of
resting activity regulates downstream signals derived di-
rectly or indirectly from the stimulus-induced [Ca2]i rise.
One possibility is that transcription factors involved in Ca2
regulation of PRL gene expression are already active (either
by phosphorylation and/or translocation to the nucleus) at
resting [Ca2]i. This would explain the higher resting activity
and lack of transcriptional responsiveness. If this were the
case, then what mechanism would activate the putative tran-
scription factor/s involved? One possibility is a that a pre-
vious Ca2 signal developed long before might elicit such
activation. In support of this view, we have reported recently
that mammotropes undergo dynamic changes in spontane-
ous [Ca2]i oscillations (24). Moreover, at a given point in
time, oscillatory activity and hormone gene expression were
inversely related (24), indicating the temporal dissociation
between the calcium signal and the corresponding transcrip-
tional response. Therefore, we propose that calcium dynam-
ics is involved in transcriptional responsiveness by two
mechanisms. First, it plays an obligatory role for stimulus-
induced PRL gene expression and second, by modulating
resting transcriptional dynamics regulates responsiveness to
the incoming calcium signal. Alternatively, transcription fac-
tors not driven by calcium signals but required for transcrip-
FIG. 5. Resting transcriptional activity regulates transcriptional re-
sponsiveness to TRH. A, Negative correlation between resting tran-
scriptional activity and transcriptional responses for cells exhibiting
increases in photonic emissions after TRH presentation (r0.7, P
0.001, n  22). B, Basal PRL promoter activity (photonic emission
values) for cells, which subsequently proved to be TRH responsive
(Responsive cells, n 22) or nonresponsive (nonresponsive cells, n
28) in terms of gene expression are compared, *, P  0.05.
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tional responses may undergo cycles of activation/inactiva-
tion driven by an endogenous transcriptional clock that may
work as a coincidence detector for calcium-mediated signals.
The nature of this putative transcriptional clock remains to
be established.
In summary, we have developed a system to enable dual
measurements of both bioluminescence and fluorescence on
the same individual, living cells and use it to achieve con-
current measurements of both [Ca2]i and hormonal gene
expression in the same single cells. We have provided evi-
dence indicating that the size of transcriptional responses to
TRH are dictated by the sustained entry of calcium into the
cell. In addition to this regulation, the resting level of tran-
scriptional activity that oscillates in a noncircadian temporal
pattern (30) may superimpose a timing control on transcrip-
tional responses.
Acknowledgments
This work is dedicated to the memory of Dr. L. Stephen Frawley who
died on June 27, 2001. We thank Dr. Javier Garcı´a-Sancho for critical
reading of the manuscript. We are grateful to Hamamatsu Photonics and
Universal Imaging for their help in the design and set-up of the dual
bioluminescence-fluorescence system. We also thank Dr. R. Maurer for
the gift of the rPRL-LUC plasmid.
Received March 4, 2002. Accepted May 22, 2002.
Address all correspondence and requests for reprints to: Dr. Carlos
Villalobos, Instituto de Biologı´a y Gene´tica Molecular (IBGM), Universidad
de Valladolid–CSIC, 47005-Valladolid, Spain. E-mail: carlosv@ibgm.uva.es.
This work was supported by NIH Grant DK-38215 (to L.S.F. and
F.R.B.) and a postdoctoral fellowship from the Ministerio de Educacio´n
y Cultura of Spain (to C.V.). Grant 01/0769 from Fondo de Investiga-
ciones Sanitarias (FIS) of Spain (to C.V.) is gratefully acknowledged.
* L.S.F. died on June 27, 2001.
Present address for C.V. and L.N.: Instituto de Biologı´a y Gene´tica
Molecular (IBGM), Departamento de Bioquı´mica y Biologı´a Molecular
y Fisiologı´a, Facultad de Medicina, 47005-Valladolid, Spain.
References
1. Barinaga M, Bilezikjian LM, Vale WW, Rosenfeld MG, Evans RM 1985
Independent effects of growth hormone releasing factor on growth hormone
release and gene transcription. Nature 314:279–281
2. Neher E, Marty A 1982 Discrete changes of cell membrane capacitance ob-
served under conditions of enhanced secretion in bovine adrenal chromaffin
cells. Proc Natl Acad Sci USA 79:6712–6716
3. Tse A, Tse FW, Almers W, Hille B 1993 Rhythmic exocytosis stimulated by
GnRH-induced calcium oscillations in rat gonadotropes. Science 260:82–84
4. Rosen LB, Ginty DD, Greenberg ME 1995 Calcium regulation of gene ex-
pression. In: Means AR, ed. Advances in second messengers and phospho-
protein research. New York: Raven Press; 225–251
5. Hardingham GE, Bading H 1999 Calcium as a versatile second messenger in
the control of gene expression Microsc Res Tech 46:348–355
6. Schaufele F 1994 Regulation of expression of the growth hormone and pro-
lactin genes. In: Imura H, ed. The pituitary gland. New York: Raven Press;
91–116; ed 2
7. Berwaer M, Monget P, Peers B, Mathy-Hartert M, Bellefroid E, Davis JR,
Belayew A, Martial JA 1991 Multi-hormonal regulation of the human prolactin
gene expression from 5,000 bp of its upstream sequence. Mol Cell Endocrinol
80:53–64
8. Carrio´n AM, Link WA, Ledo F, Mellstrom B, Naranjo JR 1999 DREAM is a
Ca2-regulated transcriptional repressor. Nature 398:80–84
9. Graef IA, Mermelstein PG, Stankunas K, Neilson JR, Deisseroth K, Tsien
RW, Crabtree GR 1999 L-type calcium channels and GSK-3 regulate the
activity of NF-ATc4 in hippocampal neurons. Nature 401:703–708
10. Deisseroth K, Heist EK, Tsien RW 1998 Translocation of calmodulin to the
nucleus supports CREB phosphorylation in hippocampal neurons. Nature
392:198–202
11. Dolmetsch RE, Xu K, Lewis RS 1998 Differential activation of transcription
factors induced by Ca2 response amplitude and duration. Nature 392:933–936
12. Hu Q, Deshpande S, Irani K, Ziegelstein RC 1999 [Ca2]i oscillation fre-
quency regulates agonist-stimulated NF-kB transcriptional activity. J Biol
Chem 274:33995–33998
13. Frawley LS, Faught WJ, Nicholson J, Moomaw B 1994 Real-time measurement
of gene expression in living endocrine cells. Endocrinology 135:468–471
14. Castan˜o JP, Kineman RD, Frawley LS 1996 Dynamic monitoring and quan-
tification of gene expression in single, living cells: a molecular basis for se-
cretory cell heterogeneity. Mol Endocrinol 10:599–605
15. Villalobos C, Faught WJ, Frawley LS 1999 Dynamics of stimulus-expression
coupling as revealed by monitoring of PRL promoter-driven reporter activity
in individual, living mammotropes. Mol Endocrinol 13:1718–1727
16. Berwaer M, Peers B, Nalda AM, Monget P, Davis JR, Belayew A, Martial JA
1993 Thyrotropin-releasing hormone and epidermal growth factor induce
human prolactin expression via identical multiple cis elements. Mol Cell En-
docrinol 92:1–7
17. Kaiser UB, Katzenellenbogen RA, Conn PM, Chin WW 1994 Evidence that
signaling pathways by which thyrotropin-releasing hormone and gonado-
tropin-releasing hormone act are both common and distinct. Mol Endocrinol
8:1038–1048
18. Laverriere JN, Tixier-Vidal A, Buisson N, Morin A, Martial JA, Gourdji D
1988 Preferential role of calcium in the regulation of prolactin gene transcrip-
tion by thyrotropin-releasing hormone in GH3 pituitary cells. Endocrinology
122:333–340
19. Ashworth R, Hinkle PM 1996 Thyrotropin-releasing hormone-induced intra-
cellular calcium responses in individual rat lactotrophs and thyrotrophs. En-
docrinology 137:5205–5212
20. Villalobos C, Garcı´a-Sancho J 1995 Capacitative Ca2 entry contributes to the
calcium influx induced by thyrotropin-releasing hormone. Pflu¨gers Arch 430:
923–935
21. Lin PF, Ruddle FH 1981 Photoengraving of coverslips and slides to facilitate
monitoring of micromanipulated cells or chromosome spreads. Exp Cell Res
134:485–488
22. Grynkiewicz G, Poenie M, Tsien RY 1985 A new generation of Ca2 indi-
cators with greatly improved fluorescence properties. J Biol Chem 260:3440–
3450
23. Villalobos C, Nu´n˜ez L, Frawley LS, Garcı´a-Sancho J, Sa´nchez A 1997 Multi-
responsiveness of single anterior pituitary cells to hypothalamic-releasing
hormones: a cellular basis for paradoxical secretion. Proc Natl Acad Sci USA
94:14132–14137
24. Villalobos C, Faught WJ, Frawley LS 1998 Dynamic changes in spontaneous
intracellular free calcium oscillations and their relationship to prolactin gene
expression in single, primary mammotropes. Mol Endocrinol 12:87–95
25. Barros F, del Camino D, Pardo LA, Palomero T, Giraldez T, de la Pen˜a P 1997
demonstration of an inwardly rectifying K current component modulated by
thyrotropin-releasing hormone and caffeine in GH3 rat anterior pituitary cells.
Pflu¨gers Arch 435:119–129
26. Dolmetsch RE, Pajvani U, Fife K, Spotts JM, Greenberg ME 2001 Signaling
to the nucleus by an L-type calcium channel-calmodulin complex through the
MAP kinase pathway. Science 294:333–339
27. Wang IH, Maurer RA 1999 A role for the mitogen-activated protein kinase in
mediating the ability of thyrotropin-releasing hormone to stimulate the pro-
lactin promoter. Mol Endocrinol 13:1094–1104
28. McFerran DW, Stirland JA, Norris AJ, Khan RA, Takasuka N, Seymour ZC,
Gill MS, Robertson WR, Loudon AS, Davis JR, White MR 2001 Persistent
synchronized oscillations in prolactin gene promoter activity in living pituitary
cells. Endocrinology 142:3255–3260
29. Leclerc GM, Boockfor FR, Faught WJ, Frawley LS 2000 Development of a
destabilized firefly luciferase enzyme for measurement of gene expression.
Biotechniques 29:594–596
30. Shorte SL, Leclerc GM, Va´zquez-Martı´nez R, Leaumont DC, Faught WJ,
Frawley LS, Boockfor FR 2002 PRL gene expression in individual living
mammotropes displays distinct functional pulses that oscillate in a noncirca-
dian temporal pattern. Endocrinology 143:1126–1133
3554 Endocrinology, September 2002, 143(9):3548–3554 Villalobos et al. • Calcium and PRL Gene Expression Dynamics
